study within a water treatment catchment draining an area of peatland, considering carbon transformations along a continuum from headwater river, through a storage reservoir and pipe, to a water treatment works. The study uses a unique combination of methods (colourmetric, ultrafiltration, and 14 C radiocarbon dating) to assess catchment wide changes in fluvial carbon composition (colour, size, and age) alongside concentration measures. The results indicate clear patterns of carbon transformations in the river and reservoir and dissolved low molecular weight coloured carbon to be most subject to change, with both loss and replacement within the catchment residence time. Although the evidence suggests dissolved OC (DOC) gains are from particulate OC breakdown, the mechanisms of DOC loss are less certain and may represent greenhouse gas losses or conversions to particulate OC. The transformations presented here appear to have minimal impact on the amount of harder to treat (<10 kDa) dissolved carbon, although they do have implications for total DOC loading to water treatment works. This paper shows that peatland fluvial systems are not passive receptors of particulate and dissolved organic carbon but locations where carbon is actively cycled, with implications for the understanding of carbon cycling and water treatment in peatland catchments. (Battin et al., 2009; Cole et al., 2007; Fasching, Behounek, Singer, & Battin, 2014; Ward et al., 2013) . Additionally, the nature and mechanisms of downstream changes are also of interest to water suppliers, as many water collection areas particularly at mid-to-high northern latitudes (e.g., Lavonen et al., 2015; Ritson et al., 2014) contain substantial areas of peatland, commonly resulting in high concentrations of dissolved OC (DOC); the removal of which is a major water treatment cost (Worrall et al., 2004) . Therefore, understanding the within-catchment relationships between fluvial OC composition, concentration, and transformations is important for effective management of these environments.
Fluvial systems draining peatland dominated catchments, have potential for high OC loading and rates of carbon cycling, as peatlands contain high densities of soil carbon (Scharlemann, Tanner, Hiederer, & Kapos, 2014; Yu, 2012) . High OC loads present several problems for drinking water supply (Kastl, Sathasivan, & Fisher, 2015; Matilainen et al., 2011) , including (a) effects on water taste and colour, (b) increased need for chemicals and subsequent increase in unwanted by-products such as trihalomethanes, (c) bacterial growth in the distribution system, and (d) OC binding with metals. Organic matter is commonly removed at treatment works through the use of coagulants, with dosing rates linked to water colour (Edzwald, Dee, & Kaminiski, 2009 ).
Fluvial OC in peatland catchments takes both dissolved (DOC) and particulate (POC) forms, and C cycling processes can result in alternations between the two, or transfers to sedimentary or atmospheric C pools. DOC in the water column can be released as carbon dioxide (CO 2 ) through biological and photo-chemical degradation (bio and photo degradation). Lower order streams are thought to be the sites of greatest gas release within fluvial catchments (Butman & Raymond, 2011; Wallin et al., 2013) , which is likely to be linked to photodegradation. Photodegradation is suggested to occur faster than biodegradation where DOC is terrestrially derived (Lapierre & Del Giorgio, 2014; Obernosterer & Benner, 2004) and be linked to water colour (Lapierre, Guillemette, Berggren, & Del Giorgio, 2013) . In addition to breakdown through biodegradation and photodegradation, DOC may be converted to POC through coagulation or flocculation where different source waters mix (Palmer et al., 2015; Sharp, Parsons, & Jefferson, 2006) , a process likely to result in the loss of coloured higher molecular weight humic materials (Asmala, Bowers, Autio, Kaartokallio, & Thomas, 2014) . Reductions in DOC concentrations downstream may also be observed due to dilution by lower DOC waters (e.g., Tiwari, Laudon, Beven, & Ågren, 2014; Worrall, Burt, & Adamson, 2006) . Processes of DOC conversion may improve drinking water treatability through reducing overall load; however, they are less likely to impact hard to treat (lower molecular weight and less coloured) DOC (Gough, Holliman, Willis, & Freeman, 2014; Weishaar, Fram, Fujii, & Mopper, 2003; Worrall & Burt, 2009) . POC may enter long-term sediment stores through deposition or breakdown to DOC in the water column (Palmer et al., 2015; , CO 2 or methane. Despite some exceptions (e.g., Dawson, Adhikari, Soulsby, & Stutter, 2012) , most studies on these processes and the mechanisms involved (Koelmans & Prevo, 2003; Kritzberg, Granéli, et al., 2014; Sobek et al., 2009) have not considered fluvial OC composition. Further research into OC transformation mechanisms and composition is required, to better understand the implications of fluvial carbon export from peatland catchments.
These catchments typically contain both lotic and lentic freshwater environments, so a study combining the two allows for a full appreciation of the range of likely processes. Studies that combine river and lake locations are currently rare (Ilina et al., 2014) , with the majority focused on one or the other (Kothawala et al., 2014; Laudon et al., 2011) and not accounting for POC.
The highly degraded peatlands of the UK uplands produce substantial fluvial DOC and POC flux (Pawson, Lord, Evans, & Allott, 2008; Worrall et al., 2006) (Van der Wal et al., 2011) , often via steep (and consequently fast flowing) streams, which link peatland headwaters to water supply reservoirs. Sediment loads in these streams can be very high (Evans, Warburton, & Yang, 2006) , and the age of fluvial DOC (assessed through 14 C radiocarbon dating) has been found to be older in comparison to other peatland streams at similar latitudes , a phenomena that could be explained by the breakdown of old POC to DOC (see Section 2.1). Streams draining UK peatlands along with those in mainland Europe and North America have seen a rise in DOC concentrations. These increased DOC levels have been linked to declining acidity (Monteith et al., 2007 ) and led to concerns over the impact on water treatment (Ritson et al., 2014) . Spectroscopic techniques are the most frequently used method to assess dissolved matter composition (Filella, 2010) and offer easy comparison with many historic studies. The predominant method is determination of absorbance across the ultraviolet-visible spectrum, which is also commonly used as a proxy for DOC concentration (Peacock et al., 2014) . UV-VIS absorbance is also commonly used alongside DOC measurements to form colour carbon ratios such as specific ultraviolet absorbance (SUVA 254 ; Weishaar et al., 2003) and provides indirect assessment of the likely molecular weight of DOC.
Molecular weight can also be directly constrained using size fractionation, and for this study, the technique of TFU was employed. In the water industry, ultrafiltration has been employed both as a treatment and organic matter characterisation technique (Matilainen et al., 2011; Matilainen, Vepsäläinen, & Sillanpää, 2010) .
A substantial majority of organic matter has been found to be removable with a 10-kDa filter (Schäfer, Fane, & Waite, 2000) ; however, it is suggested that material below this size has substantial trihalomethane formation potential (Chow, Dahlgren, & Gao, 2005) .
For example, a study in China (Wei et al., 2008) found that <10-kDa material commonly accounted for over 80% of trihalomethane formation potential.
Radiocarbon ( 14 C) dating has also become more frequently used in recent years to assess the nature of fluvial organic matter (Marwick et al., 2015) . However, as with ultrafiltration, it is a complex and costly technique and so cannot be routinely applied. Determining degradation potential from 14 C age can be difficult as, whereas plant-derived carbon such as lignin phenols is commonly very young in age (Martin et al., 2013) ; old carbon has also been found to be highly bioavailable in some circumstances (Fellman et al., 2014; Marín-Spiotta et al., 2014) . One particular benefit of 14 C dating, however, is that it can be used as an indication of transformations between POC and DOC. Terrestrial POC is commonly older than DOC especially where high sediment loads are present (Marwick et al., 2015) or human disturbance plays a role (Butman, Wilson, Barnes, Xenopoulos, & Raymond, 2015; Evans, 2014) . Therefore, a change in DOC age within catchment can be used as evidence for POC breakdown to DOC.
Colour and DOC data (see 2.4), allowed for assessment of the magnitude and location of carbon transformations and changes in DOC concentrations, whereas carbon size data allowed the impact of changes on a key aspect of water treatability to be determined, and 14 C data allowed assessment of the likely mechanisms of carbon transformations.
| Study area, sampling sites, and calculation of transformations
The reservoir and its surrounding catchment area along with sampling points (see also Table A1 ) are shown in Figure 1 . For further information on the reservoir inlet (KR, BC, and WC) and outlet (VH and KRO) sampling points see .
Additionally, the study was conducted alongside work to understand nitrogen dynamics (see Edokpa, Evans, & Rothwell, 2015 . To capture changes throughout the catchment, three locations were considered: (a) the major feeder stream to the reservoir draining a large area of blanket peat, (b) the reservoir, and (c) the 10-km pipe from the reservoir to the water treatment works.
Changes within the river were calculated as the difference between headwater samples taken at site B or KH and the reservoir inlet KR. The main purpose of site B was to assess the impacts of restoration work taking place on the Kinder Plateau (Stimson, Allott, Boult, Evans, Pilkington, et al., 2017) , but it also proved useful in this study. However, as site B drained a small catchment, there was not always a flow of water (making the total number of samples from here fewer than from the other sites). As a consequence for TFU size fractionation and 14 C dating, which required larger sample volumes than FIGURE 1 Study area: Kinder reservoir catchment -sampling site codes are explained further in the text those for determining concentration and colour, site KH was used as a substitute for site B, as the flow at KH was greater and more reliable.
Comparison of the two sites showed some downstream declines in DOC concentration and colour; however, these were of a lower magnitude than changes observed between B and KR (Table 1) . To take account of the effect of dilution within the river from other stream inputs between B and KR, concentration data were adjusted to take account of the upstream area of blanket peat. In the catchment area upstream of site KR, the area of blanket bog peat soils recorded equates to 52% of the total area. These blanket peat soils are largely found on the headwater plateau, so the upstream area of blanket peat at site B was assumed to be 100%. For data from site KR, dilution adjustment was applied by dividing concentration data by 0. 
| DOC concentration and water colour measurements
Water samples were filtered on site shortly after collection using 0.45-μm glass microfibre syringe filters. Samples were then analysed Table A3 ) showed that only the DOC changes in the river and changes in pH between K2 and K3 had potentially non-normal distributions a dilution adjusted (see Section 2.2).
for light absorbance using a Hach DR 5000 spectrophotometer and for DOC (2013 samples only), using a Shimadzu TOC analyser. The majority of samples were analysed within 2 weeks for absorbance and 3 weeks for DOC, with samples stored in the dark below 4°C in the intervening time.
| Colour measures
Two colour carbon ratios were used in the analysis. These were absorbance at 254 nm and 400 nm (Abs 400 ) against DOC concentration. Units for absorbance are in absorbance units per metre (au m −1 ), for DOC concentration in mg/L, and for ratios as L mg
Absorbance at 254 nm divided by DOC concentration is also known as SUVA 254 -standing for specific ultra violet absorbance, and is commonly used as a measure of quality in water treatment (Weishaar et al., 2003) . Abs 400 /DOC is also frequently used (Wallage, Holden, & Mcdonald, 2006) , as a carbon quality measure. The E4:E6 ratio (Abs 465 /Abs 665 ) is also used. This has been employed in a variety of studies (Kritzberg, Villanueva, Jung, & Reader, 2014 ) and represents the degree to which lower versus higher molecular weight coloured material, is present in a sample. The ratio increases with declining molecular weight.
2.6 | 14 C dating and TFU size fractionation 
| Statistical analysis
Average (mean) changes were calculated based on the difference between sample means, calculated from sets of paired data (see Table 1 ). To assess the statistical significance of changes observed, two-tailed paired Student's t tests were performed to test for a significant difference between each separate set of paired data. Changes for single tests were deemed to be statistically significant where t test p values were below the 95% confidence interval (α = .05). Where multiple tests were considered together (family wide comparisons), p values had to be below a Sidak corrected (Šidàk, 1967) reduced α value to be considered statistically significant at the 95% confidence level. As the t test requires normally distributed data, data were also assessed for normality using the Shapiro-Wilk test (Shapiro & Wilk, 1965 ).
3 | RESULTS
| DOC and colour measurement
The river reach was the site of greatest change, with substantial declines in DOC concentration and the E4:E6 ratio observed throughout the year and yearly average declines in the colour carbon ratios between the headwater and reservoir inlet sites (Table 1, Figure 2 ).
DOC changes in the river adjusted for dilution effects (see Section 2.2), showed a monthly average decline (between headwaters and reservoir) in DOC concentration commonly between 5 and 10 mg/L, with the greatest difference being 25 mg/L. The E4:E6 ratio declined by an annual average of 6.3, indicating that higher molecular weight material formed a greater proportion of the coloured material in the reservoir inlet sample, as declines in absorbance were proportionally greater at 465 nm than 665 nm. The two colour carbon ratios also generally showed declines, but of lower magnitude (or very slightly positive) in the summer, which indicates that carbon mostly became less coloured downriver at the wavelengths of 254 and 400 nm.
Average drops in the ratios were 1 and 0.1 for colour compared to carbon at 254 and 400 nm, respectively. Comparison of sites B and KH (Table 1) showed variation between the sites, although of a lower magnitude than within the full river reach; however, between B and KH in this test, only the average change in DOC concentration was shown to be statistically significant. Average change calculated from downstream surveys (Table 1) showed statistically significant changes in Abs 400 and pH after the Red Brook confluence (i.e. location K4-K5). Average change in Abs 400 between K1 and K3 suggested the change between these sites varied in direction and was greatest in the first 200 m of the river; however, the changes here were not statistically significant.
As with the river reach, changes in the reservoir (between inflow and outflow) also showed a consistent pattern, with year round increases in DOC concentration and the three colour ratios (Figure 2) . DOC in the reservoir showed a mean increase for the year of 1.7 mg/L. The E4:E6 ratio rose by an average of 1.6, indicating the molecular weight of the coloured material in the reservoir was declining. The in reservoir increases in DOC, and the E4:E6 ratio was less than the declines seen in the river; however, the rise in the two colour ratios through the reservoir was of a comparable magnitude, with average increases of 1.1 and 0.20 for colour compared to carbon at 254 and 400 nm, respectively (Table 1) .
Unlike in the river and reservoir, carbon changes within the pipe did not show a consistent pattern, and carbon processing here appeared to be of a smaller magnitude than in the river and reservoir.
Although annual average change in the river and reservoir was found to be statistically significant at both the individual and family wide level, the changes in the pipe were not except for the small rise in DOC concentration (Table 1) .
| Carbon size
The river showed a constant percent gain in the proportion of <10 kDa OC, indicating the OC was getting proportionally smaller. The reservoir by contrast showed a loss of <10 kDa OC indicating a proportional gain in larger carbon. The losses in the reservoir were half or less the magnitude of the gains in the river. Changes in both the river and reservoir were not statistically significant at the 95% confidence level (p > .05) but were close to the 90% level (p > .1). There was no clear trend in size changes within the pipe, which is reflected by a much higher p value (~.5) ( Table 2 ).
| Carbon age
The 14 C radiocarbon dating results are shown for samples taken on 12/ 05/2014 (Table 3 ). There was a rise in DOC age of 93 years in the Kinder River, where POC age also rose by 332 years. The age of POC entering the reservoir was between 1,222 and 3,093 years BP and substantially greater than the age of DOC. POC age is likely to be influenced by material from deep erosional gullies on the Kinder Plateau, where peat formation began ca. 8 Ka BP (Conway, 1954) .
The reservoir showed the most dramatic change with DOC at the VH outflow 323, 1,147, and 1,301 years older than the inflows of KR, WC, and BC, respectively. There was a fall of 56 years in radiocarbon age through the pipe that is 19 years greater than the typical error on the measurement of 37 years.
| DISCUSSION
A summary of the nature of DOC transformations observed in this study ( Table 4 ), suggests that the river is the site of the greatest transformations in DOC concentration and size and dissolved matter colour, with the data pointing towards preferential loss of the lower molecular weight coloured materials.
The proportional increase in the smallest size fraction of OC suggests the lightest and least coloured material is relatively more resistant to such conversions. The reservoir shows the opposite pattern to the river, albeit at a lower magnitude. Changes in DOC age show a different pattern, with the river and reservoir presenting the same trend, although rates are substantially lower in the river.
There are no clear patterns of change observable in the pipe in DOC size, age, and dissolved matter colour. However, there is a small but statistically significant rise in DOC concentration. Summary statistics for the data used to calculate these changes are shown in Table A2 
| Mechanisms of OC transformations
The different characteristics of the river and reservoir are likely to account for variations in OC transformations between these two locations discussed above. Although the DOC losses observed in the river are likely to be rapid due to short residence times, the reservoir produces coloured DOC in an environment where reactions can take place over a longer time period and acts as a collection site for POC sediments that are periodically oxidised during drawdown.
| Within-river DOC loss
The declines in colour through the river are interpreted as evidence of UV photodegradation of humic compounds. This corresponds with other studies that suggest this is a rapid process Moody et al., 2013) and is likely to exert greater influence than biodegradation, given the short length of the river. 
| Reservoir DOC-POC interactions
Changes within the reservoir show a year round increase in DOC and coloured material, accompanied by an increase in DOC 14 C age. The most likely explanation for the increase in carbon is release from the breakdown of POC in the water body or bed sediments , a hypothesis also supported by laboratory experiments (Goulsbra, Evans, & Allott, 2016; Koelmans & Prevo, 2003) . A simple mixing model calculation based on this hypothesis can be used to estimate the proportion of DOC that must be derived from POC in order to produce the observed decline in percent modern steams with the outflow value at Site VH and indicated that up to 54.7% of outlet DOC may be derived from POC. Given that reservoir residence times are likely to be of the order of months, this process could take place over a much longer timescale than the river DOC losses.
The data presented in Section 3.1 suggest that transformations within the reservoir result in an overall net increase in DOC concentration. However, this effect is of a lower magnitude than the reduction of DOC concentration in the river reach, and other data from this study suggest that DOC concentrations can also fall within the reservoir . These alternate trends are apparent in Figure 3 , which includes additional colour data for 2012 and considers changes in the raw (approximately fortnightly) data, rather than the monthly average data presented earlier. input rates, with the relationship between change in colour and input colour having both a significant relationship and a much better r 2 value than the other three models. It is therefore hypothesised that high carbon waters entering the reservoir are much more subject to the competing processes of carbon breakdown and addition, resulting in a mixed impact on colour. By contrast, low carbon waters may be closer to their limits of degradation (especially through UV photo breakdown of humic compounds), so the addition of carbon from reservoir POC exerts a more dominant influence. Laboratory experiments Goulsbra et al., 2016) simulating POC-DOC interactions within stream systems, by adding peat-derived particulate organic matter (POM) to river water, also provide support for this hypothesis. In these experiments, reductions in lower molecular weight coloured were observed when the water was untreated but increases occurred when sterilised river water (said to be similar to photodegraded waters) was used.
The breakdown of POC observed in the reservoir is also likely to result in greenhouse gas release (e.g., Ferland, Prairie, Teodoru, & Del Giorgio, 2014) . For example, the addition of POM to river water is argued to result in the production of both CO 2 and DOC, with CO 2 release possibly taking place through a DOC intermediary . The same study also found that POM added to river water resulted in lower CO 2 and DOC release than with sterilised water. The implications of this are that coloured waters potentially act to reduce CO 2 release from bed sediments; however, further studies which record greenhouse gas release are needed to verify this mechanism. 
| Implications for water treatment
These results indicate that the magnitude of OC removal required at water treatment works is reduced by in catchment processes, although the increases in coloured DOC in the reservoir are an exception to this trend. This study provides evidence that DOC increases in the reservoir are linked to reservoir POC loads and the presence of organic bed sediments (see Section 4.1.2). Catchment processes appear not to increase the total amount of the less treatable >10 kDa OC size fraction, and although there is a proportional increase in this size fraction in the river, it is likely to be balanced by comparatively larger declines in the total amount of DOC and the opposite trend in the reservoir.
| CONCLUSIONS
• The fluvial system is shown to be an important site of carbon transformation in waters draining from degraded peatlands with headwater streams, reservoirs, and water supply pipes playing distinct roles in carbon cycling.
• Rapid removal of coloured DOC is observed in the fluvial system. In the reservoir, there is evidence of the addition of coloured DOC.
DOC along the pipe to the treatment works shows comparatively less change with no statistically significant changes in colour ratios.
• Dissolved low molecular weight coloured carbon is shown to be most subject to change and subject to both loss and replacement within the catchment residence time.
• The evidence suggests that the mechanism for addition of DOC in the reservoir system is POC breakdown, most likely associated with large quantities of organic bed sediments in the reservoir.
• The carbon transformations presented here appear to have minimal effect on the amount of material (<10 kDa) that is hard to remove during water treatment; however, the potential role of reservoir sediments in POC-DOC transformations may mean that this process is important in total DOC loading to the treatment works. We also thank the anonymous reviewers for helpful comments that improved the manuscript. 
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